Abstract This paper presents an assessment on the use of dynamic compaction as a ground improvement technique in a port's hydraulic fill in the new southern dock of Sagunto's Harbor near Valencia (Spain). Soil behavior improvement was monitored by several in situ techniques such as boreholes with SPTs, DPSH, CPTU and CSWS geophysical tests. A total energy between 2188 and 3125 kN/m 2 (depending the area) was applied to the hydraulic fill by the dynamic compaction procedure. In situ techniques led to evaluate dynamic compaction efficiency, as well as controlling ground modifications that might cause potential damages to adjacent buildings. The dynamic compaction carried out was capable of fulfilling requirements established to use the area, that is, an average deformability modulus (E 0 ) of 30 MPa with a minimum of 20 MPa, in a depth of 10 m. Moreover, dynamic compaction increased hydraulic fill relative density by about 75%.
Introduction
The use of the dynamic compaction (DC) for the improvement of soils dates back to ancient China and the Roman Empire. DC technique, as is known today, was developed in France in early 1970s (Menard and Broise 1975) and consists in improving the bearing capacity of a compressible soil applying a dynamic force generated by a falling tamper (Lukas 1992; Chow et al. 1992a; Poran et al. 1992; Chow et al. 1994; Lukas 1995; Lee and Gu 2004; Bo et al. 2009; Rollins and Kim 2010; Zekkos and Flanagan 2011) . The energy applied in DC at each location is about 2000 kN/m 2 , reaching this value by several consecutive passes. Weight of tamper typically ranges from 100 to 400 kN, and drop heights usually range from 10 to 20 m, although masses of up to 400 kN and greater heights were also experimented (Lee and Gu 2004; Bo et al. 2009; Rollins and Kim 2010; Zekkos and Flanagan 2011; Lu and Tan 2011; Tan et al. 2012) .
The falling tamper generates P waves and Rayleigh waves which are transmitted through the ground and improve the packing of the soil particles, but they may also cause damage to adjacent structures (Mayne et al. 1984; Lukas 1995; Tan et al. 2012) . In granular materials above the water table, DC reduces void volume and increases the relative density, improving the soil behavior (Mayne 1988; Lee and Gu 2004; Slocombe 2004) . In saturated granular soils, part of the energy is transmitted to the pore water, reducing the efficiency of the technique. It also may lead to a shear failure of the soil by liquefaction; therefore, pore pressure should be monitored to set a minimum time interval between consecutive passes. This paper presents the use of the DC technique on an approximate surface area of 150,000 m 2 to improve the bearing capacity of a hydraulic fill built in the Spanish town of Sagunto (located about 25 km north of the city of Valencia). The fill was the result of the enlargement project of the Sagunto Port. Works were located (Fig. 1) on the south quay of the southern dock, which were completed in mid-2007 and consisted of a pier of caissons and a backfill esplanade (the hydraulic fill), on whose surface the installation of a terminal for handling bulk solids was planned.
Requirements for allowing the use of that new esplanade established a minimum value of 20 MPa (average value of 30 MPa) for the deformability modulus of the fill. Since soils originated from hydraulic fills are normally coarsegrained soils composed of sand and gravel of very low or no plasticity and with a degree of compactness from low to medium, DC technique was used for meeting the mentioned requirements.
The aim of the treatment conducted was to increase the compactness of the upper layers of the fill and thus to improve the stress-strain properties of the treated materials, reducing potential settlements that could be experimented by the surface of the fill when loaded (Tang et al. 2012) . Several site investigation techniques were successfully used as in situ field control. It is important to mention that the dynamic treatment chosen (DC) is typically used in this kind of application (Moore et al. 2007; Hwang and Tu 2006; Feng et al. 2010; Yogendrakumar and Wedge 2014; Torrijo et al. 2016 ) and usually results in significant economic savings and a shorter treatment time when compared to other ground improvement techniques (Moore et al. 2007; Feng et al. 2010; Yogendrakumar and Wedge 2014; Torrijo et al. 2016 ).
Dynamic compaction design
DC design was based on a pilot test conducted at the site. This preliminary test established the operational parameters of DC procedure such as the weight of the tamper, the drop height, the number of drops per pass, the print spacing and the number of passes. Depth of improvement (d) is accepted to be related to the energy applied per blow (Menard and Broise 1975; Mayne et al. 1984; Lukas 1992; Poran and Rodriguez 1992) and is typically estimated as:
where W is the weight of the tamper, H is the drop height and k is an empirical factor (ranging from 1 to 0.3) which depends on the type of soil, the initial state of tension and the applied energy. Compilations of field data give a value of 0.5 for k (Leonards et al. 1980; Mayne et al. 1984 ) even though researches (Mayne 1988; Slocombe 2004 ) have shown that this coefficient depends on the type of soil, the initial state of tension and the applied energy. Three kinds of location were distinguished in the site: central area; special zones; and normal conditions, corresponding to those areas not belonging to the two other mentioned groups. Efficiency of DC treatment was evaluated at ten trial test locations by dynamic probing superheavy (DPSH) and cone penetration (CPTU) tests (see ''preliminary site investigation'' in Fig. 2 ).
In addition, 86-mm diameter boreholes were drilled by rotation at those locations to study the hydraulic fill. Materials presented null plasticity and a grain size consisting of gravel and sand, with content in fines between 14 and 16%. According to the Unified Soil Classification System (ASTM D2487-11), they were mainly classified as silty sand (SM), even though some proportions of GP-GM, GM, GW-GM and SP-SM soils were found (Fig. 3) . The coarse-grained material presented an average SPT value between 9 and 11, corresponding to deformation modules ranging from 18 to 20 MPa as recommended by Begemann (1974) : 
where N 30 is the average SPT N value and E is the elastic modulus (in kp/cm 2 ). Table 1 summarizes the DC procedure proposed. Applied-energy intensity, I, was computed as:
where W is the weight of the tamper, H is the drop height, n is the number of drops and s is the print spacing (i.e., spacing between impacts). For normal condition areas, three passes were considered. In the first pass and second pass, a 250-kN pounder was dropped from a height of 20 m eight times, with 8 m distance between adjacent treatment locations, resulting in an impact energy of 625 kN/m 2 . In the third pass, a 250-kN pounder was dropped from a height of 15 m four times, with 4 m distance between adjacent treatment locations, resulting in an impact energy of 938 kN/m 2 . Hence, the total energy applied to those locations was 2188 kN/m 2 , a bit higher than the energy defined in the design, 2100 kN/m 2 . The procedure followed and energies applied were similar to those used in other researches and studies (Lee and Gu 2004; Hwang and Tu 2006; Feng et al. 2010; Jin-feng et al. 2017) .
In the central area of the fill, three passes were considered as well. Both the first pass and the second pass followed exactly the same scheme as for normal condition areas. In the third pass, procedure was also similar, but six strikes were used instead of four, which resulted in an impact energy of 1406 kN/m 2 for that pass. The total energy applied to those locations was 2656 kN/m 2 . For special zones, where compaction needed to be increased, four passes were considered. The first pass, second pass and third pass followed exactly the same scheme as for normal condition areas, i.e., a 250-kN pounder dropped from a height of 20 m eight times, for the first pass and second pass (impact energy 625 kN/m 2 for each pass), and a 250-kN pounder dropped from a height of 10 m, four times, for the third pass (impact energy 938 kN/ m 2 ). The fourth pass was the same as the third one, i.e., a 250-kN pounder was dropped from a height of 15 m four times, with 4 m distance between adjacent treatment locations, resulting in an impact energy of 938 kN/m 2 . Hence, the total energy applied to those locations was 3125 kN/m 2 . In all cases, the first and second passes transmitted less energy and presented wide-spaced impacts to treat deeper layers. In the second pass, tamping was carried out at an intermediate location between the impact points of the first pass. The third (and fourth) pass, with closer spacing between impacts, improved density of the superficial layers. DC proposed treatment was able to obtain an average deformability modulus after improvement above 20 MPa (threshold value established as required) in all trial test locations.
Groundwater level evolution was monitored at test locations by eight piezometers (Fig. 4a) to determine the optimum time span between consecutive passes. Readings of groundwater level before and during the ground treatment (Fig. 4b) showed that pore pressure was dissipated after a couple of days (note that piezometer PZ_03 shown in Fig. 4b presented an abnormal behavior due to its rupture and subsequent clogging with fine soil). However, the contractor decided to span consecutive DC treatment passes an interval between 5 and 6 days instead.
Compaction monitoring and results

Compaction monitoring
Compaction of the fill was conducted (Fig. 5) following the aforementioned procedure established for the normal condition areas, central area of the fill and special zones (Table 1) . DC was monitored by 30 boreholes with SPTs (1 unit/5000 m 2 ), 20 CPTUs (1 unit/7500 m 2 ), 30 DPSH tests and 30 continuous surface wave system (CSWS) tests. These tests were evenly distributed along the work site, as depicted in Fig. 2 .
Possible vibrations induced to surrounding buildings were controlled by installing two seismographs: one placed on a gas building located east of the site and the other placed on an industrial building located south of the site Fig. 4 Groundwater level monitoring: a layout to measure the water level during the ground treatment showing a piezometer pipe installed in the ground and the probe to measure the water level (note also the print produced by the DC treatment on the ground); b water level monitoring at test locations (PZ refers to piezometer, whose location is found in Fig. 2) (see Fig. 1 ). A continuous monitoring of the vibration speeds was undertaken during the works. Any kind of affection to buildings, considered happening if the vibration speeds reach 10 mm/s (Lukas 1995), was not registered during the DC treatment.
Compaction results
DC showed to be suitable to improve the soil mechanical behavior. That improvement achieved was confirmed by the in situ tests performed, mainly with the CPTU and the DPSH. Resistance of the soil significantly increased after conducting the DC treatment, as shown in Fig. 6 (for the sake of the brevity, only two results are showed; similar results were obtained in the rest of locations tested). As can be seen, DC treatment is able to improve the soil mechanical behavior up to a depth of around 10 m, a result similar to what was reached in recent studies (Feng et al. 2010) . Deformability moduli reached after the DC procedure (E 0 ) were computed in the upper 10 m of the fill, in stretches of 2 m, based on the results of the DPSH test, SPT, CPTU and CSWS test. The following expressions were used to correlate in situ penetrometric test results and deformability modulus (D'Appolonia et al. 1968; Denver 1982; Berardi et al. 1991; Motaghedi and Eslami 2013) :
where N 30 and q c are SPT N value and cone resistance, respectively. Table 2 shows average values of the deformability modulus registered after applying the DC treatment by the different in situ tests at five depths (2, 4, 6, 8 and 10 m) . In all cases, values of E 0 were above the minimum 20 MPa required. A frequency histogram of the values of E 0 computed grouping all the tests results is presented in Fig. 7a . Results can be separated as: (1) 80 MPa. The former corresponds to values obtained from mainly SPTs and DPSH tests, while the latter is composed of CSWS tests results, as displayed in Fig. 7b . In general terms, a slight decrease in E 0 was observed in the depth interval between 6 and 8 m. Values of E 0 computed from CPTUs are mainly found along with results of SPTs and DPSH tests. However, these results tend to be a bit higher for medium and superficial depths. CSWS tests results presented the widest variation of E 0 with depth. It should be noted that the material from 4 to 8 m depth was of finer grain and had a higher capacity for water retention. This fact leads the treatment to be less effective, which is reflected in all tests, especially in CSWS results due to the nature of this test (it measures Rayleigh waves). Figure 8 plots the relation, with depth, between the values of E 0 computed by the SPT, against the values of E 0 computed from the other three alternative testing methods: CPTU, DPSH and CSWS. A good match exists between SPTs and DPSH tests, both methods giving very similar results in all ranges of depth. On the contrary, the use of CSWS tests leads to values of E 0 larger than equivalent values obtained by the SPT. The difference increases when depth increases. It is interesting to mention that the difference observed in the results obtained from the use of SPT and the use of surface wave tests (as is the case of the CSWS test used in this research) was also noted by other authors (Feng et al. 2010) . The causes that contribute to have these discrepancies may be put down to the own differences between tests; in this way, SPT and DPSH are similar tests (both are dynamic penetration tests), but on the contrary, CSWS test is totally different and based on other physical issues.
Discussion
Regarding the use of the CPTU, ratio between that test and the SPT is scatter, not being able to determine a clear relation. However, it is observed that the mentioned ratio is approximately between 1 and 2. Results are in accordance Fig. 8 Ratios between E 0 taking as reference the obtained ones by the SPT with typical correlations for sands and silty sands (Schmertmann 1970; Bowless 1988; Crespo 1990) .
Relative density (Dr) could be correlated with field measurements, such as those from SPT and CPTU (Meyerhof 1956; Jamiolkowski et al. 1985; Baldi et al. 1986; Skempton 1986; Chow et al. 1992b; Salgado et al. 1997; Cubrinovski and Ishihara 1999) . For the sake of the brevity, only some of those expressions are shown below: 
where N 30 and q c are SPT N value and cone resistance, respectively, and r 0 vo is the in situ vertical effective stress (in t/m 2 ). It is interesting to mention that Baldi correlation (Eq. 7) (Baldi et al. 1986 ) is probably the one most widely used within the current engineering practice. After computing that, the results showed that the DC treatment increased hydraulic fill relative density to an average value of around 35%. On the other hand, previous to the treatment a relative density of 20% was computed, which leads to confirm the compaction effect that the DC procedure produced in the hydraulic fill (around 75%).
Based on the value obtained for the relative density after DC, it is possible to use Meyerhof (1956) correlation to have an estimation of the friction angle:
being / 0 a parameter of value 25°if the percentage of fine sand and silt is greater than 5%, and 30°otherwise. Therefore, it may be expected that friction angle of the hydraulic fill after conducting the DC treatment be around 30°. This value totally agrees estimation performed by Terzaghi and Peck (1948) related to the values of relative density and friction angle for a granular soil. Other correlations may be used to obtain the friction angle from the SPT values such as Muromachi (1974) , Giuliani and Nicoll (1982) and De Mello (1971) , which give similar values of friction angle when applied to the SPT values obtained after DC treatment of the soil. Finally, a statistical variability study of the geotechnical parameters was conducted, based on the recommendations of Spanish standard ' 'ROM 0.5-05'' (2005) . Results are considered to be acceptable if a coefficient of variation (COV) less than 0.30 for Young's moduli is obtained. In that case, Young's moduli here obtained could be used as an input data in any future geotechnical design planned in the area studied. As can be observed in Table 3 , the values obtained for the COV were generally below 0.30, with the exception of the upper 2 m, which presents a COV slightly higher. Nevertheless, Young's modulus of that region is much higher than the minimum required (20 MPa), so it is not expectable the appearance of any pathology related to it.
Conclusion
Dynamic compaction technique was used in an approximate surface area of 150,000 m 2 to improve the hydraulic fills of granular nature at the southern dock of Sagunto Port (Valencia, Spain). The aim of the treatment conducted was to increase the compactness of the upper layers of the fill and thus to improve the stress-strain properties of the treated materials, reducing settlements to be experimented by the surface of the fill when loaded.
Besides topographic measurement of settlements, several site investigation techniques were successfully used as in situ field control. In total, more than 100 in situ tests were conducted, including boreholes with SPTs, dynamic penetration tests DPSH, static penetration tests CPTU and geophysical testing CSWS. Based on those tests results, Young's modulus reached after the dynamic compaction in the fill was computed.
The dynamic compaction treatment carried out led to fulfill the acceptance criteria established in the ''Landfill Consolidation Project,'' an average Young's modulus greater than 30 MPa, with a minimum of 20 MPa at any location, in a depth of 10 m, and thus validating the effectiveness of the treatment. Moreover, dynamic compaction increased hydraulic fill relative density to an average value of around 35%, which meant an increment of around 75%.
